Abstract-
I. INTRODUCTION
The flame characteristics such as temperature and soot volume fraction provide instantaneous information on the flame radiation, heat transfer and particulate emission from combustion [1] . The measurement of the flame soot volume fraction is therefore high desirable for combustion researchers and engineers for an in-depth understanding of soot formation process and subsequently the optimization of combustion process [2] . Various optical techniques [3] [4] [5] [6] [7] were used for the 2-D measurements of flame soot volume fraction. In recent years, optical tomographic techniques have been received a great attention for the 3-D measurements of flame soot volume fraction [8] . Such a technique has clear advantages over other optical approaches including simple system set-up, high spatial resolution, and relatively low cost, making it most suitable for the 3-D reconstruction and characterization of flame in practical furnaces [8, 9] .
Several single camera based tomographic systems have been developed for the 3-D reconstruction of soot volume fraction [10, 11) . Huang et al. [10] described an imaging system incorporating with a single camera and a stereoscopic imaging adapter for reconstructing soot temperature and volume fraction profiles of a laboratory-scale flame. Verissimo et al. [11] also used a single-camera based tomographic system for the reconstruction of C2 and soot distributions of the flame where the flame images were captured by the camera rotated from several angular directions. The single-camera approach is relatively simple, but it can only be used under strict conditions where the flame is steady and has a high level of rotational symmetry. A few of multi-camera based tomographic systems has been reported for the 3-D reconstruction of flame soot volume fraction [12, 13] . Legros et al. [12] used three CCD cameras for estimating the soot volume fraction distribution in a laminar diffusion flame. Liu et al. [13] developed four CCD cameras based tomographic system for the 3-D measurement of soot temperature and volume fraction distribution in both axisymmetric and asymmetric flames. Although the multi camera approach offers a more accurate measurement, the increased number of cameras and optics (e.g., mirrors and lenses) result in a high complexity of system configuration in addition to a high capital cost. It has also been noted that, in the existing multi-camera systems, the number of image projections are still very limited (up to four), resulting in a limited accuracy in the reconstruction of soot volume fraction, particularly for asymmetric flames. There is therefore still a need to develop a more advanced hardware and software platform for spatial and temporal reconstruction of the soot temperature and volume fraction of flames. This paper presents an algorithm, incorporating with optical tomographic and image processing techniques, for the reconstruction of the soot volume fraction of asymmetric diffusion flames. 2-D images of flame are captured at eight different angles of view around the burner using an optical tomographic system [9) . The gray-levels of the two primary color images of flame are reconstructed using the combined LFBP (logical filtered back-projection) and SART (simultaneous algebraic reconstruction techniques) algorithm. The soot volume fraction distribution of flame is then determined based on two-color pyrometry and soot radiation theories. Experimental results on a gas fired combustion test rig are also reported and discussed.
II. METHODOLOGY Fig. 1 shows the schematic diagram of the reconstruction of soot volume fraction of a flame. The optical tomographic system which was previously developed [9] was utilized to obtain the 2-D images of the flame. The system mainly consists of two RGB (Red, Green and Blue) CCD cameras (with an image resolution of 1024(H)x768(V) and a frame rate of 25 frames per second), coupling with eight imaging fiber bundles (each having 30k individual fibers and a 92° objective lens). The imaging fiber bundles are arranged around one side of the burner with an angle of 22.5° between two adjacent bundles, transmitting concurrently 2-D images of a flame from eight different angles of view into the two cameras (each camera takes four images from the fiber bundles). The arrangement of eight image projections is considered to be a trade-off between the complexity of the system and the accuracy of the image reconstruction. However, performing the tomographic reconstruction of the flame based on the limited number (i.e., eight in the study) of independent projections could lead to an underdetermined problem [8] . To overcome the problem, the LFBP-SART (logical filtered back-projection and simultaneous algebraic reconstruction techniques) was employed. The LFBP-SART has shown a possibility of using eight image projections to perform the 3-D reconstruction of a flame with an acceptable resolution and accuracy [9] . More detailed description of the imaging system and tomographic algorithms can be found elsewhere [9, 14] . To perform the reconstruction of soot volume fraction distribution, the initial task is to reconstruct the gray-level sections of R and G images of each RGB image frame based on the LFBP-SART. Once the gray-level reconstruction of the two color banded images is achieved, the soot temperature can be determined based on the two-color pyrometry [6, 14] . The soot volume fraction,/v, can then be estimated by [15] ,
where L is the optical path length (i.e., the geometric thickness of the flame along the optical axis of the imaging system). Ti s the soot temperature, AR=650 nm is the central wavelength corresponding to the R component of the CCD sensor. G,lR eT) is the monochromatic emissivity of soot particles at AR and T, which can be estimated by [16] , (2) where G(A/I, T) and Gb(A/I, T) are the gray-level intensities of the R images of the flame and the blackbody captured by the imaging system at AR and T, respectively. The relationship between Gb and T can be determined through the system calibration [6, 14] .
where F(A/U is a function of complex refraction index and can be expressed as [15] ,
where nand k are wavelength dependent real and imaginary parts of the complex refractive index of soot, and can be calculated using empirical equations [16] , n = 1.811 0+ 0.1263In(A) + 0.0270In2(,1.) + 0.04171n3 (A.), (5)
Note that the soot volume fraction/v represents the volume of soot per unit volume of gas (ppm). The soot concentration, represented as the value of '!vol', is also frequently used in the flame measurement [7] , which includes information about the optical path length 'L' of the flame.
III. RESULTS AND DISCUSSIONS
Experiments were conducted on a laboratory-scale gas fired test rig to evaluate the algorithm established for the 3-D reconstruction of the soot volume fraction of flame. Diffusion flames were generated under three different fuel flow rates, i.e., 0.4 IIm, 0.5 IIm, and to 0.6 IIm, with a small air supply to stabilize the flame. For each fuel flow rate, a total of twenty flame images were concurrently captured using the imaging system. The gray-level sections of the flame (i.e., cross-and longitudinal-sections) were then reconstructed, and the soot volume fraction was finally determined using the algorithms as described in section II. Fig. 2(a) shows the overview of the tomographic imaging system and the test rig, whilst Fig.2(b) depicts the typical example 2-D images of flame taken under the fuel rate of 0.5 11m. The angles given in the figure indicate the angles of view at which the image was taken. It is clear that the shape and gray-level intensity of the flame are different from an angle of view to another, indicating the asymmetric nature of the flame. Fig. 3 illustrates the reconstructed soot volume fraction distributions of flame cross-sections for the three fuel flow rates. Note that the computed values of the soot volume fraction are normalized by its maximum value over the three test conditions, given a range between 0 and 1. As can be seen, the soot volume fraction is very low and more homogenous in the downstream of the flame (root region, close to the burner outlet) in comparison to other part of the flame. This is attributed to the small amount of air supply which resulted in premixed combustion and thus a lower soot volume fraction in that region. Fig. 4 illustrates the vanatlons of the mean soot volume fraction along the flame height. It is clear that the soot volume fraction of the flame increases along the flame height and reaches the maximum value at height 120mm for the fuel flow rate of 0.4I1m, IS0mm for O.SIIm, and 160mm 0.6I1m. This is expected for typical diffusion flames. The root part of the flame has particularly a low soot volume fraction due to the small air supply which results in partially premixed combustion and thus reduced soot formation in the region. The standard deviation (STD) of the mean soot volume fraction is also calculated. The maximum normalized STD is 0.38 which occurs at the tip region of the flame (at height 180 mm) under the fuel flow rate 0.6 11m. This is believed to be attributed to a greater fluctuation in that region, particularly at a higher fuel flow rate. .£:
.£:
/'"\ . The reconstruction of the soot volume fraction can be computed repeatedly for every pixel row of the image along the flame height. Consequently, a large number of cross-sections are obtained that can then be combined to form a complete 3-D reconstructed model of the flame. When this is accomplished, the reconstruction of the longitudinal-sections of flame can be performed. Fig. 5 is the examples of the reconstructed soot volume fraction distribution on longitudinal-sections of flame. It should be noted that the visual representation of the longitudinal-sections depends on the angle of view. The results presented in Fig. 5 show the sections which were viewed at the angle of 00 (refer to the flame images in Fig. 2 (b». Radial distance 0 mm depicts the longitudinal-section along the burner axis, -2 and 2 present the sections about 2 mm backward and forward the burner, respectively, and -4 and 4 present the sections about 4 mm back and forward the burner, respectively. Since those segments are close to the burner axis, they show similar profiles. It has been observed that the root region of each longitudinal-section appears to be very low soot volume fraction for all three test conditions due to the small air supply. It is also found that, for all the fuel flow rates, the soot volume fraction is unevenly distributed over the longitudinal-sections. This may be attributed to the unbalanced fuel and air mixture at the burner outlet. 
IV. CONCLUSIONS
Tomographic imaging and two-color pyrometric techniques incorporating with the soot radiation theory have been applied for the 3-D reconstruction of the soot volume fraction distribution of asymmetric diffusion flames. 2-D image projections captured at eight different angles of view around the burner have been used for reconstructing the gray-levels of the two primary color images (Red and Green) of flame based on the LFBP-SART algorithm. The distributions of the soot volume fraction of flame have then been determined based on two-color pyrometry and soot radiation theories. Experimental results obtained under three different test conditions have demonstrated the effectiveness of that the proposed technical approach. It has also been evident that the 3-D reconstruction of the flame soot volume fraction distribution can provide very useful information for the in-depth understanding of soot formation mechanisms and subsequent optimization of combustion processes.
